We recently reported the lysine requirement of school-aged children living in Canada consuming a mixed diet to be 35 mg×kg 21 ×d
Introduction
A majority of the world's children live in developing countries and are fed predominantly cereal-based diets, in which lysine has been determined to be the limiting amino acid (1) . This is particularly relevant in such populations, because there is evidence to show that protein quality influences linear growth in children (2, 3) . Whereas the recently published WHO/FAO/ United Nations University (UNU) amino acid requirements in humans (4) have revised the adult indispensable amino acids (IAA) 9 requirements with a wealth of tracer-based data from developed and developing countries that were accumulated over the last 20 y, these requirements have not been extensively studied in children. The current WHO/FAO/UNU estimate of the daily requirement of lysine in children of 35 mg×kg 21 ×d 21 (4) is based on a factorial approach and derived from nitrogen balance studies in 10-to 12-y-old children (5) . The factorial approach assumes that children have the same maintenance value as adults to which is added the requirements for growth. For the WHO estimate, the maintenance value used was 30 mg×kg 21 ×d 21 . Recently, using a contemporary, minimally invasive, tracer-based technique, the lysine requirement in healthy, school-aged Canadian children was determined to be 35 mg×kg 21 ×d 21 (6) , a value that is identical to the maintenance values found in adults using the same minimally invasive indicator amino acid oxidation (IAAO) technique (7) but 16% higher than that obtained by a 24-h IAAO and balance method in Indian adults (8, 9) . These earlier studies support the WHO decision to use a factorial approach. However, the requirements for lysine or any other amino acid have not been established in children from poorer or developing countries.
Whereas theoretically, 24-h indicator oxidation/balance studies might be optimal (4), shorter, but no less accurate assessments of IAA requirements can also be made by a minimally invasive IAAO technique (10) , which is ideally suited for use in children. Recently this method has been applied successfully to healthy, school-aged children to determine branched-chain amino acid (11) , total sulfur amino acid (12) , minimum methionine (13) , and lysine requirements (6) .
Studies on the requirement of several IAA such as lysine, leucine, methionine, and threonine have shown that their daily requirements in Indian adults are similar to those in Western populations (8, (14) (15) (16) . Although it is likely that the same may apply to growing children, this is not known with any certainty. The IAA requirements may also be affected by subclinical infection or by catch-up growth or may even be reduced by adaptive mechanisms. For example, the daily requirement of lysine has been shown to be higher than normal in undernourished men presented with optimal diets (17, 18) . Therefore, in a first step toward investigating the lysine requirement of children in developing countries, we aimed to measure the lysine requirement of otherwise healthy children from a developing country using a similar methodology to earlier Western studies, to allow for comparisons between environments.
Participants and Methods
Participants. Six healthy, school-aged children (3 boys and 3 girls) with a height-for-age and weight-for height Z-score . 21.0 participated in these experiments, which were carried out at the Division of Nutrition, St. John's Medical College and Research Institute, Bangalore, India. The children were recruited from a local school, close to St. John's, that served a low to middle class socioeconomic status community. All the children were in good health with no recent history of illness. The physical characteristics, body composition, and energy intake of the participants are given in Table 1 . The Institutional Ethical Review Boards at St. John's Medical College and Hospital and The Hospital for Sick Children, Toronto, approved all study procedures. Written informed consent from each of the parents and an oral assent of the participating study participant were obtained at enrollment.
Anthropometry. Participants were weighed in minimal clothing to the nearest 0.1 kg with a digital scale (Morpen Lab). The height of the participants was recorded to the nearest 0.1cm (Raven). The biceps, triceps, subscapular, and suprailiac skinfolds were measured in duplicate to the nearest 0.2 mm with a skinfold caliper (Holtain). The logarithm of the sum of the 4 skinfold thicknesses was used in age-and gender-specific equations to obtain an estimate of body density from which percentage body fat was determined (19, 20) .
Experimental design and study diets. Before the tracer studies began, all children fasted overnight (12 h) and were brought to the laboratory for the measurement of resting energy expenditure (REE) and body composition analysis. REE was measured by continuous, open-circuit indirect calorimetry with a ventilated hood system. Whole-system calibration was verified by combustion of pure ethanol; the observed difference between measured and predicted total rate of CO 2 production (VCO 2 ) was ,3% and the average respiratory quotient was between 0.64 and 0.68 (21) .
During the tracer studies, each of the participants was assigned to experimental diets for 7 study d providing different levels of lysine intakes of 5, 15, 25, 35, 50, 65 , and 80 mg×kg 21 ×d 21 in a randomized order, each study day separated by $1 wk, over a period of 2 mo. Hence, 7 studies were conducted in each of the 6 children for a total of 42 oxidation studies. Prior to each experimental study day, participants were fed a standardized diet for 2 d providing energy at 1.7 3 REE and protein at 1.5 g×kg 21 ×d 21 based on the 3-d food records to ensure ageappropriate growth. The food supplied was typically consumed by the children and food records were maintained to ensure the consistency of dietary intakes. The participants were also encouraged to maintain their customary physical activity levels. The participants consumed a daily multivitamin supplement (Riconia liquid; Rexin pharmaceuticals) during the study period except on the experimental study days.
On each study day, the participants were allocated to 1 of the 7 levels of lysine as part of a standard L-amino acid mixture based on an egg protein pattern ( 21 (these were kept constant), test amino acid (lysine), and alanine. The alanine level in the amino acid mixture was adjusted according to the level of lysine intake to maintain a constant nitrogen intake. The experimental diets were given as 8 hourly isonitrogenous and isocaloric meals, each meal represented one-twelfth of the daily requirements. The major energy was supplied in the form of protein-free powder (Product 80056; Mead Johnson) flavored with Tang and Kool-Aid (Kraft Foods), corn oil, amino acid mixture providing protein at 1.5 g×kg 21 ×d 21 (Ajinomoto), and protein-free wheat starch cookies prepared at the kitchen of the Division of Nutrition. The study diet provided~53% carbohydrate,~37% fat, and~10% protein. During the tracer study, participants did not consume any other food with the exception of water.
Tracer protocol. The indicator amino acid used was phenylalanine. As noted above, an excess of tyrosine (61 mg×kg 21 ×d 21 ) was added to the diet to ensure that the body needs for tyrosine were met and that phenylalanine oxidation was sensitive to changes in test amino acid (lysine) intake (10). On each study day, the participants consumed 4 hourly meals before the oral tracer was administered to ensure stable background enrichment in breath CO 2 (22) . The enrichment of 13 CO 2 in the breath varies depending on substrate oxidation and on the enrichment of 13 C in the diet (23) . The study day diets accounted for the The remaining 23% was provided as phenylalanine, tyrosine, lysine (test amino acid), and alanine according to the levels of lysine intake.
background 13 C enrichment in the breath by ensuring that substrate oxidation was kept constant and the percentage of 13 C in the diet remained the same (23 ) to ensure constant pool size. The VCO 2 was measured by indirect calorimetry immediately after the 5th meal.
Collection and analysis of samples. Breath and urine samples were collected for the measurement of isotopic enrichments. Breath samples were collected by using a breath bag specially designed for children (Quintron, Terumo Medical) with a collecting mechanism that permitted the removal of dead-space air. The breath samples were collected into 10-mL nonsilicon-coated glass tubes (Vacutainer, Becton and Dickenson, Franklin Labs). Three baseline breath samples at 245 min, 230 min, and 215min were collected before the tracer protocol began. Four fedstate breath samples were collected every 30 min at a presumptive steady state beginning 2.5 h after the start of the tracer administration until the end of the tracer protocol. The samples were stored at room temperature until analysis by isotope ratio MS (Europa Scientific) as previously described (21) . The increase in breath enrichment after the tracer administration was expressed as atom percent excess.
Two baseline urine samples were collected 45 and 15 min before the tracer protocol began. Four plateau urine samples were collected at isotopic steady state every 30 min, beginning 2.5 h after start of the tracer protocol. All urine samples were stored at -208C until analysis. Urinary L-[1-
13
C]phenylalanine enrichment was analyzed by a triple quadrupole mass spectrometer API 4000 (Applied Biosystems-MDS SCIEX) coupled to an Agilent 1100 HPLC system (Agilent Technologies Canada) as described previously (6) . Isotopic enrichment was expressed as molecules percent excess and calculated from peak area ratios at isotopic steady state at baseline and plateau.
Phenylalanine oxidation. The rate of phenylalanine oxidation was calculated as the fraction of tracer dose of phenylalanine oxidized (F 13 CO 2 ). This is represented by the rate of ) expressed as a fraction of the rate of tracer phenylalanine administration. This was calculated by the following equation:
where VCO 2 is in mmol×kg 21 ×h
CO 2 is the breath enrichment (atom percent excess), R is the recovery factor for carbon dioxide that was assumed to be 0.82 (24) , and d is the dosing rate of tracer phenylalanine (mmol×kg ), and Ei and Eu are the isotopic enrichments as mole fractions (molecules percent excess) of the infusate and urinary phenylalanine, respectively, at isotopic plateau.
Statistical analysis. Results are expressed as means 6 SD. Differences in sequential measurements of weight and height during the study period were analyzed using repeated-measures ANOVA. A mixed linear model with participant as a random variable using PROC MIXED (SAS/ STAT version 8.2, SAS Institute) was used to analyze the effect of lysine intakes on F 13 CO 2 and phenylalanine flux. Estimates of the mean lysine requirement for children were derived by breakpoint analysis of the F 13 CO 2 data by using a 2-phase linear regression crossover model (10). This model selects for the minimum residual SE in a stepwise partitioning of data points between 2 regression lines. The first regression line has a slope and the second line is horizontal with minimal or no slope. The mixed procedure takes into account the correlations among observations made on the same participant and the possible heterogeneous variances among the measurements made on the same participant over time and is well suited for repeated-measures study designs (25) . Different variancecovariance structures (simple, compound symmetry, unstructured, first order auto-regressive, and first order ante-dependence) were compared using the information criteria (Akaike Information Criteria, the finite sample corrected Akaike Information Criteria, and the Schwarz's Bayesian Information Criteria). The final model that best fit the data with the lowest SE, lowest root mean square error, and highest r 2 identified the breakpoint estimate or requirement for lysine. The safe intake of lysine (upper 95% CI, equivalent to the Recommended Dietary Allowance) was calculated using Fieller's theorem (26) . Briefly, 95% CI = breakpoint 6 t df,a/2 3 SE, where SE is the SE of the breakpoint, df is associated with the residual mean square of the best fit model, and a is the 95% confidence level. Upper 95% CI was calculated using SAS (SAS/ STAT version 8.2, SAS Institute).
Results
Participant characteristics. The anthropometric measures of all the participants were within normal ranges with Z-scores of 20.2 6 0.5 for height-for-age, 20.4 6 0.2 for weight-for-age, and 20.4 6 0.4 for weight-for-height (Table 1) . While the Z-scores did not change significantly during the study period, the weight and height of the children increased by 1.38 6 0.67 kg and 0.48 6 0.1 cm, respectively (both P , 0.001). All participants remained in good health throughout and no adverse events were reported. The habitual daily energy and protein intakes of the participants were adequate for their age and body size as well as for their daily activity.
Phenylalanine oxidation. The oxidation of L-[1-
13 C] phenylalanine (F 13 CO 2 ) changed significantly in response to the graded intakes of lysine and the general pattern of response appeared similar to that observed with an exactly similar protocol in Canadian children (Fig. 1) (Fig. 2) , with an upper 95% CI of 46.6 mg×kg (Table 3) as required by the IAAO method. This provides supporting evidence that the precursor pool for the IAAO did not change in size in response to the test amino acid (i.e. lysine). Therefore, changes in oxidation were inversely proportional to changes in protein synthesis.
Discussion
This is the first report, to our knowledge, that used an accurate, minimally invasive, short-term IAAO method to measure the lysine requirement in healthy children who live in a developing region. The mean daily requirement of lysine was determined to be 33. ), determined by the same method (6). However, the upper 95% CI of the requirement was higher in the Canadian study (58 mg×kg 21 ×d 21 ) than in the current study (46.6 mg×kg 21 ×d 21 ). The Indian and Canadian children from these otherwise similar studies (present study, 6) had striking differences in their anthropometry despite their similar ages. The Canadian children were 3.2 and 17.7% taller and heavier, respectively, with a 1.5% greater body fat percentage. However, the similar lysine requirements resulting from these studies in 2 geographically and socioeconomically distinct regions support the current global WHO/FAO/UNU (4) lysine recommendation of 35 mg×kg 21 ×d 21 for children aged 3-10 y. This latter value was estimated by a factorial method including the requirement for maintenance with the adult scoring pattern, plus the requirement for growth, adjusted for an efficiency of deposition of 0.58 with the assumed human tissue pattern (4). The present study, along with the earlier study on Canadian children (6), supports the estimate made by the factorial method.
The children grew by~0.5 cm over the study period (7 wk), which is 30% less than what would be predicted by the 50th percentile of the National Center for Health Statistics growth standard for an 8 y old or the mean age of the study participants (27) . Although the lysine requirement of this suboptimal growth was captured in the IAAO model, it is likely that a greater or optimal rate of growth would require a greater amount of IAA. Clearly, the best estimate of the optimal daily lysine requirement would be that measured in optimally growing children. It is, however, possible to speculate on this requirement; if the study children were growing at 70% of the optimal rate, then based on the factorial method for estimating growth requirements in this age children (4) it is likely that they would require~2 mg×kg 21 ×d 21 in addition to the measured requirement. Although the current estimated daily lysine requirement in children is close to the adult requirement of 30-35 mg×kg 21 ×d 21 (4,7-9,28), it is relevant to consider the effects that catch-up growth or infections can have on the requirement. In principle, the requirements for catch-up growth may be increased, but it is also possible that the efficiency of tissue deposition during catch up growth may increase. Therefore, calculations based on the factorial method may be confounded. From the environment viewpoint, we earlier reported that the daily lysine requirement increased by~50% in chronically undernourished men who lived in poor environments (17) . Part of this increased requirement was due to the presence of intestinal parasites (18) . It is also possible that subclinical infections could increase the daily IAA requirement through increased oxidation (29) . Therefore, further direct studies on the lysine requirements of undernourished or subclinically infected children or on those children exhibiting catch-up growth are necessary.
Children of less developed countries are more likely to be at risk of a suboptimal dietary lysine intake, because predominantly plant protein from cereals constitute their diet even though their mean lysine requirement is similar to Western populations with a better quality diet. The average Indian diet, which provides~80% of dietary protein from predominantly cereal sources, has a protein:energy ratio of~10-11% and supplies lysine at~39 mg×g 21 protein (30) . This means that a 7-y-old Indian child from a lower socioeconomic class family, weighing~20 kg and eating 1000 kcal (4184 kJ)/d with a protein:energy ratio of 10%, with an interindividual variability of 20%, is likely to receive 48 mg lysine×kg 21 ×d 21 (unpublished data based on 24-h recall, collected by S. Muthayya; n = 200 children). Given these intakes and requirements, it is possible that roughly 10% of these lower socioeconomic status children are at risk of dietary lysine deficiency. Concomitantly, the degree of stunting in these children is~20%. With children belonging to families subsisting below the poverty line, the situation is likely to be much worse. Studies conducted in Peruvian children found the percentage of protein from animal sources, but not total energy intake, to be strongly associated with achieved male height and weight (31) . Other studies conducted in India and the Philippines have also shown protein but not energy to be important in determining the growth of children (32, 33) . A cross-sectional, large-scale Chinese study also suggested that protein deficiency was the principal dietary cause of growth failure in children and that protein quality was a potential determinant of nutritional status and growth in children (34) .
Beyond growth, physiological function may also be changed by lysine deficiency. A recent study conducted in Chinese households, including children and adults, assessed the impact of provision of lysine-fortified wheat flour (3 g×kg 21 ) for a period of 3 mo (35) . Although anthropometric parameters did not change significantly, the gain in weight and height of children in these families was significantly greater in the lysine-fortified group. There was also a significant improvement in serum transferrin and prealbumin as well as an increased complement C3 fraction in the lysine-supplemented participants compared with the controls. These data indicate that lysine fortification with wheat flour can significantly improve nutritional status indicators and immune function, although more detailed studies are required in children.
The limitations of nitrogen balance studies for the measurement of IAA requirements are well recognized (36, 37) . The IAAO method is a functional method based on the concept that the amount of the limiting amino acid governs the partition of the other IAA between retention for protein synthesis or oxidation (38) . The IAAO method used in the present study was completely noninvasive, involving oral dosing and breath sampling. An earlier lysine requirement study in adults demonstrated that the routes of isotope (phenylalanine) administration using the IAAO technique did not affect the estimated amino acid requirement (7) . There was no adaptation period to the test diet at different intake levels of the test amino acid (lysine), but it must also be recognized that prolonged adaptation periods using crystalline amino acid mixtures are impractical in children. In addition, fairly similar results have been obtained in adults, using the adapted IAA balance (IAAB) model and the unadapted, short-term IAAO model (7) (8) (9) . Finally, the IAAB method's invasiveness precludes .2 or 3 dietary intake studies on any one individual and because intra-individual variation can affect the response curve of the IAAB to different dietary lysine intakes, it is preferable to conduct these studies on individuals whose IAAO or IAAB are measured at all the test intakes of lysine. Only the minimally invasive IAAO method allows for this and therefore, in the present study, all children participated at all test intakes of lysine. As mentioned in the Methods section, a total of 42 oxidation studies were conducted. Hence, the breakpoint estimate is based on a data set that is larger than most published amino acid requirement studies (4). We conclude that the short-term IAAO method is robust and potentially useful to develop for further studies in low-resource, developing countries as well as in vulnerable groups such as malnourished children, pregnant or lactating women, and the elderly.
In summary, the lysine requirement obtained from this study (33.5 mg×kg 21 ×d 21 ) is virtually identical to that estimated in the developed regions (35 mg×kg 21 ×d 21 ) for healthy school-aged children (6); hence, there is no evidence of adaptation in lysine requirements in the developing regions of the world such as India and of consuming a predominantly cereal-based diet.
